ABSTRACT The end-systolic pressure-volume relationship (ESPVR) as derived from left ventricular pressure-volume loops has gained increasing acceptance as an index of ventricular contractile function. In animal experiments the ESPVR has been defined as a line connecting the upper left corners of several differently loaded pressure-volume (P-V) loops with a slope parameter Ees and a volume axis intercept parameter V.. In the clinical setting, several variants of the ESPVR have been determined with use of peak left ventricular pressure, end-ejection pressure, and end-ejection volume. The maximum P-V ratio has also frequently been measured. We attempted to determine which of these alternatives resulted in good approximations of the reference ESPVR in eight isolated canine ventricles that ejected into a simulated arterial impedance system with resistance, compliance, and characteristic impedance. We determined various versions of the ESPVR from the same set of beats quickly obtained with little change in inotropic background. To vary ventricular pressure wave forms, each of the arterial impedance parameters was independently controlled at 50%, 100%, and 200% of normal. Against each of the nine combinations of the impedance parameters four P-V loops were obtained under four preloads and from each of the sets offour P-V loops, the reference ESPVR, linear regression of the peak pressure on end-ejection volume (ESPVRPP-EEV), and linear regression of end-ejection pressure on endejection volume (ESPVREEPV) were determined. In addition, the maximum P-V ratio (MPVR) was calculated for each P-V loop. At all combinations of afterload impedance parameters ESPVRPP-EEV was shifted to the left (slope 5.4 vs 5.2 mm Hg/ml, intercept 6.6 vs 7.4 ml) and ESPVREEPV was shifted rightward (slope 5.0 mm Hg/ml, intercept 7.7 ml) from ESPVRREF. These differences, however, were quantitatively very small. MPVR was much smaller than the slope of ESPVRREF (4.0 vs 5.2 mm Hg/ml) and was load dependent. We conclude that as long as the P-V measurements are made under a fixed afterload system and different preloads, ESPVRpp EEV and ESPVREEPV, but not MPVR, can be used to approximate ESPVRREF.
THE USE OF the end-systolic pressure-volume relationship (ESPVR) as a clinical index of cardiac ventricular contractile function is being explored.' In our laboratory the ESPVR is considered to represent the peak systolic activity of the ventricle in terms of the maximum ratio of ventricular pressure to ventricular volume (MPVR) with allowance for a finite volume (V.). It can be determined from several differently loaded beats.2 The slope and volume intercept parameters of the ESPVR can index ventricular contractile state since they have been found to be relatively insensitive to changes in preload3-5 and afterload,2-5 yet are sensitive to changes in the contractile state of the ventricle. 3 - To facilitate clinical application of the ESPVR in the estimation of ventricular contractility, variants of the ESPVR have been used. 1 There are potential problems with some of these variants. End-systole, by our definition, does not necessarily coincide with end of ejection.2 6.7 Some investigators have assumed V. = 0 and used the MPVR,8 whereas others have used the slope of the regression of peak pressure (or stress) on end-ejection volume ESPVRpp EEV 12 the slope of the regression of end-ejection pressure (or stress) on endejection volume. [13] [14] [15] [16] Figure 1 illustrates the differences between these points in the cardiac cycle. Figure 1 , top, shows pressure and volume as a function of time and the bottom shows the pressure-volume (P-V) loop. Point A represents the pressure and volume at peak systolic pressure, point C the pressure and volume at end-ejection defined by dV/dt 0 O, and point B the pressure and volume at end-systole when the ventricular volume elastance becomes maximum. 5 There are reasons for concern as to the validity of these variants of ESPVR. Major variations in the pattern of ventricular ejection and therefore systolic volume may result from alterations in the afterload to the ventricle. How these variations affect the slope and volume intercept parameters of the variants of ESPVR has not been systematically studied.
We determined, from identical beats, ESPVRPP EEV' ESPVREEPV, and MPVR assuming a zero volume intercept and compared these variants of ESPVR against a reference ESPVR that was determined as explained in Methods. 
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In the comparative studies, we evaluated the slope and volume intercept parameters of these alternative methods of measurement of ESPVR and the influence of changing afterload conditions on them. These studies were conducted under nearly optimal conditions. First, we used an isolated supported left ventricular preparation in which the inotropic state was stable. Second, volume determination for the left ventricle in this preparation is known to be extremely accurate at all points in time during the cardiac cycle'7 and pressure was measured with a micromanometer in the ventricular lumen. Third, we could make all necessary measurements for all methods of determination during the same set of beats. Finally, using a computer-simulated physiologic loading system for the isolated canine heart,'8 we could independently alter the preload and the afterload impedance, which was based on a three-element Windkessel model.
Methods
Surgical preparation. The supported isolated canine heart preparation has been previously described by Suga et al. 4 Briefly, we used eight pairs of dogs (20 to 25 kg). Both dogs were anesthetized with sodium pentobarbital (25 mg/kg iv) and ventilated. Flow of oxygenated blood from the support dog to the isolated heart was servocontrolled (Harvard Pump Model 1215) to maintain 80 mm Hg pressure in the aortic root, and the blood was warmed (370 C) and filtered. The venous blood was returned to the support animal. A disk oxygenator (Pemco model 7104) in parallel with the support dog was used during the isolation of the heart and as backup for the support dog.
The ventricles of each dog were vented and the chordae tendineae were severed. A metal ring was sutured to the mitral anulus. A water-filled latex balloon connected to a servocontrolled piston pump was placed within the left ventricle through the metal ring. By this method, the error in the measurement of ventricular lumen volume at end-systole is about 0.5 mI. ' Loading conditions. Cardiac output of the dog is approximately 100 ml/min/kg body weight.20 The average weight of the heart-donor dogs was about 20 kg, so that average cardiac output was about 30 ml/sec. The mean arterial pressure of a healthy dog is about 100 mm Hg. Therefore, the total resistance (i.e., RC + R) is about 3.3 mm Hg-sec/ml. Since the characteristic impedance is 5% to 10% of the total resistance,2i-26 we set the normal R. value to 0.2 mm Hg see/ml and the R value to 3.0 mm Hg-sec/ml. The time constant of diastolic decay of arterial pressure (R x C in the three-element model) is about 1.l sec25, 26; therefore, we set the arterial compliance (C) at 0.4 ml/ mm Hg. Protocol. Given one of the seven afterload impedances, each ventricle contracted at four end-diastolic volumes and its pressure and volume were recorded into computer memory on-line. Figure 5 shows a representative set of these from P-V loops under a single afterload impedance. figure 2A .
were studied in each of the eight hearts. Values studied for R were 1.5, 3, and 6 mm Hg-sec/ml, those for C were 0.2, 0.4, and 0.8 ml/mm Hg, and those for R, were 0.1, 0.2, and 0.4 mm Hg-sec/ml. Heart rate was held constant within the protocol but varied from heart to heart between 100 and 140 beats/min. Data analysis. To obtain the reference ESPVR (ESPVRREF) end-systolic P-V points first had to be determined. End-systole was defined as the point in time (t) in a given cardiac cycle at which the following ratio of ventricular pressure to volume becomes maximal:
Since VO in this equation was 3B . The left venitricular P-V loops from the same data illustrated in figure 3A . Abbreviations as in figure 2A . See text for explanation of preload levels 1, 2, 3, 4. ESPVR slope is significantly different from that of MPVR (p < .001); preload had a significant influence on MPVR (p < .0001).
differences among slopes obtained with the MPVR method (p < .0001).
Contractile state can change the relationship between peak pressure and end-ejection pressure. To examine the possibility that contractile state influences estimates of ESPVR, we examined the relationship between the slope of the ESPVRREF and the difference between ESPVRPP-EEV or ESPVREEPV and ESPVRREF for both slope and intercept and found no significant correlation.
Discussion
Our study has shown that within the present experimental conditions the slope of the ESPVR can be approximated quite well by the ESPVRpp EEV or ESPVREEPV over a wide range of afterloaded conditions. The estimation of the ESPVR with a single peak pressure-volume ratio yields poor results because it varies considerably with load.
End-systole, by our definition, does not generally coincide with the time of end-ejection; end-ejection depends on the vascular properties as well as the length of ventricular activation. This is particularly evident in the right ventricle where, because of the high inertness and compliance component of the pulmonary vascular impedance relative to the resistive component, intraventricular pressure returns to nearly end-diastolic levels before ejection ceases.5 Thus, a term is needed that indicates the end of active contraction independent of loading conditions. We have used end-systole as such a term. In practical terms, for most left ventricular contractions, this is very near to the time of the MPVR.
The three alternatives (ESPVRPP-EEV, ESPVREEPV,
and MPVR) to our definition of ESPVR were selected because of the relative ease with which these measurements can be obtained clinically. The leftward shift from ESPVRREF of ESPVRPP-EEV is expected, since the peak pressure is always higher than the end-ejection pressure and we shifted the peak pressure to the left to align with end-systolic volume to produce a fictitious P-V point. However, the slope of the relationship was a surprisingly good approximation of that of the ESPVR, being only 3% higher on the average (5.4 vs 5.2 mm Hg/ml). The decrease in volume intercept averaged 10.6% or only 0.8 ml.
ESPVREEPV consistently shifted rightward from ESPVRREF, with a 4% smaller average slope (5.0 vs 5.2 mm Hg/ml reference) and a very slightly (2.5%) greater volume intercept (2.43 vs 2.37 ml reference). The difference between end-ejection pressure and endsystolic pressure seems to be somewhat load dependent, with a larger percentage difference at higher preloads. This leads to the small slope change and minimal volume intercept shift that was noted.
The difference between the slopes of ESPVRPP-EEV and/or ESPVREEPV vs the slope of ESPVRREF appears to be somewhat afterload dependent. As afterload resistance increases, the difference in slope decreased between the ESPVRREF and ESPVREEPV and between the ESPVRREF and ESPVRPP-EEV. The explanation for this may be the large difference between peak pressure and end-systolic pressure and between end-ejection pressure and end-systolic pressure at low arterial resistance. This would lead to the larger difference errors in the slope from the ESPVRREF seen at the lower resistances. With changes in capacitance, the greater pressure difference with larger capacitance is accompanied by an increase in the difference between end-systolic and end-ejection volumes. These The results obtained with the P-V ratio alone shows the disadvantage of this technique as opposed to the others. The ratio is clearly load dependent (figure 5, table 2) and significantly smaller than the slope of ESPVRREF. In addition, a recent study on regional ischemia28 showed that with ischemia there were large shifts in VO extrapolated from the physiologic pressure range with little change in slope. Therefore, the relative position of the ESPVR is as important as the slope in indictating ventricular abnormality. VO is a convenient measure of this relative position. The MPVR, which disregards VO, is misleading in the assessment of cardiac contractility.
There are several limitations of this study that deserve comment. The loading system used in this isolated heart preparation is a three-element approximation of the much more complex properties of arterial vascular impedance. The impedance modulus spectrum of our simulated vascular properties decay smoothly from the zero-frequency term (resistance) to the high-frequency terms (characteristic impedance), without oscillations that result from pressure wave reflection, and are characteristic of the natural impedance spectrum. These reflected waves could influence the relationship between the peak pressure, end-systolic pressure, and end-ejection pressure and quantitatively change the results found in this study. This possibility needs to be examined further.
The loading conditions tested cover a very wide range of variation in preload and afterload impedance parameters (from one-half to twice normal for each afterload parameter). It is still possible that in some disease states these ranges could be exceeded. With cardiac hypertrophy, for example. contraction is forceful and sustained and it is possible that larger differences between these methods could exist.
There is no agreement as to the use of the term ventricular afterload. 27 We have avoided the issue of whether to consider the arterial input impedance, ventricular pressure, or systolic wall tension or stress as afterload by specifying afterload as the afterload pressure, or the afterload system (impedance). Afterload pressure results from the interaction of the ventricle with the arterial afterload system. When preload (enddiastolic volume) is altered, afterload pressure changes even when the afterload arterial system (impedance) does not.
Each of the individual ESPVRs reported here was obtained from four P-V loops that were obtained by alteration of preload in the face of constant afterload impedance and constant contractile state. These results cannot be applied to the situation in which the preload remains relatively constant and the afterload impedance is pharmacologically manipulated to produce distinct P-V loops for ESPVR. However, most of the time when afterload is changed by drugs or other means, there will be an associated change in preload. How good or poor the approximation of ESPVRREF by the two alternative methods will be in such a complex situation cannot be predicted from the present results.
Although the ESPVR of isolated hearts has been extensively studied, the In conclusion, even though this study revealed statistically significant differences among ESPVR obtained by various methods, the absolute differences are relatively small. Using the ESPVR as we have defined it as the reference, the difference in the slope was less than 5% and that in VO was less than 0. 
